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Isolating the effects of land use
and functional variation on
Yucatan's forest biomass under
global change
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Tropical forests hold large stocks of carbon in biomass and face pressures
from changing climate and anthropogenic disturbance. Forests’ capacity to store
biomass under future conditions and accumulate biomass during regrowth after
clearance are major knowledge gaps. Here we use chronosequence data, satellite
observations and a C-cycle model to diagnose woody C dynamics in two
dry forest ecotypes (semi-deciduous and semi-evergreen) in Yucatan, Mexico.
Woody biomass differences between mature semi-deciduous (90 MgC ha—1)
and semi-evergreen (175 MgC ha~1) forest landscapes are mostly explained
by differences in climate (c. 60%), particularly temperature, humidity and soil
moisture effects on production. Functional variation in foliar phenology, woody
allocation, and wood turnover rate explained c. 40% of biomass differences
between ecotypes. Modeling experiments explored varied forest clearance and
regrowth cycles, under a range of climate and CO, change scenarios to 2100.
Production and steady state biomass in both ecotypes were reduced by forecast
warming and drying (mean biomass 2021-2100 reduced 16-19% compared to
2001-2020), but compensated by fertilisation from rising CO». Functional analysis
indicates that trait adjustments amplify biomass losses by 70%. Experiments with
disturbance and recovery across historically reported levels indicate reductions
to mean forest biomass stocks over 2021-2100 similar in magnitude to climate
impacts (10-19% reductions for disturbance with recovery). Forest disturbance
without regrowth amplifies biomass loss by three- or four-fold. We conclude
that vegetation functional differences across the Yucatan climate gradient have
developed to limit climate risks. Climate change will therefore lead to functional
adjustments for all forest types. These adjustments are likely to magnify biomass
reductions caused directly by climate change over the coming century. However,
the range of impacts of land use and land use change are as, or more, substantive
than the totality of direct and indirect climate impacts. Thus the carbon storage
of Yucatan's forests is highly vulnerable both to climate and land use and land use
change. Our results here should be used to test and enhance land surface models
use for dry forest carbon cycle assessment regionally and globally. A single plant
functional type approach for modeling Yucatan's forests is not justified.
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1. Introduction

Tropical forests are major stores of carbon (C) in the biosphere
(Mitchard, 2018) and their preservation is a key part of global
efforts to avoid dangerous climate change. However, tropical forests
may become significant net carbon sources in the future (Chazdon
et al., 2016) driven by land use change and by climate change.
Each year, large areas of tropical forests are cleared, and either
left to regrow or converted to other land uses (Hansen et al,
2013). Increasing temperatures may limit the storage capacity of
remaining or regrowing forests (Chazdon et al., 2016; Sullivan
et al, 2020). In warmer temperatures carbon storage capacity is
hypothesised to reduce with growth rates slowing under rising
temperatures and increasing drought (Mitchard, 2018), countering
the fertilization effect from increased concentrations of CO; in the
atmosphere (Chazdon et al., 2016).

Tropical forests are currently estimated to be approximately
carbon neutral, due to the uptake of carbon by both intact
and recovering or secondary forests being roughly equal to the
emissions released to the atmosphere from deforestation and
forest degradation (Mitchard, 2018). However there are large
uncertainties in current estimates of carbon stored in tropical
forests, due to a lack of consistent estimations through time,
differing estimation methods and their associated uncertainties
(Pan et al., 2011; Baccini et al., 2017; Mitchard, 2018). There is
evidence that tree mortality is rising with greater atmospheric water
stress linked to climate change (Choat et al., 2012; Bauman et al,,
2022). The rate and magnitude of carbon recovery by secondary
forests are also affected by climate change and anthropogenic
disturbance and remain highly uncertain (Pan et al, 2011;
Mitchard, 2018).

Understanding the future of tropical forest biomass depends
on identifying the importance of direct environmental controls
on processes versus functional characteristics of the community.
Recovery rates of forest biomass after disturbance will depend
on photosynthetic activity, and the allocation of photosynthate
to wood. The steady-state storage of biomass in forests will
further depend on the mean residence time of wood biomass.
Environmental controls on photosynthesis (temperature, rainfall,
length of the dry season) (Hofhansl et al., 2015) and mortality are
known to vary among different tropical species and forest types
(Malhi et al., 20115 Chen et al., 2013) but are poorly characterised.
Species’ intrinsic residence times and fractional allocation to wood
are also variable, depending on life history strategies linked to plant
traits such as root to shoot ratios, wood density and bark thickness
(Baker et al, 2004). The diversity of tropical forests and the
decadal timescales involved argues for regionally targeted studies
linked to local long term data to investigate the determinants of
biomass dynamics.

This study focuses on tropical dry forests, ecosystems
that
evapotranspiration commonly exceeds precipitation (Murphy

develop in tropical environments where potential
and Lugo, 1986) and production therefore has strong seasonal
cycles. Woody plants in these ecosystems tend to have higher wood
densities in response to a need for higher hydraulic safety, seasonal
leaf loss during dry periods, and investment in deep roots for water

access in water-limited environments. Tropical dry forests sit on
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the moisture gradient between tropical moist forests and tropical
savannas, and within dry forests there is diversity of structure and
function reflecting the moisture environment. Forests adapted to
wetter environments are hypothesised to be more susceptible to
changes in water availability linked to climate change (Markesteijn
et al,, 2011; Lohbeck et al., 2013; Poorter et al., 2016). Tropical dry
forests are understudied compared to other forest types, severely
threatened by deforestation and degradation (Houghton, 2005)
and also at risk from climate change.

The Yucatdn Peninsula (YP) hosts the second largest
continuous extent of tropical forest in Latin America (Dupuy
et al,, 2015) following the Amazon rainforest. The YP contains a
complex dry tropical forest landscape with a mosaic of land uses
and forest cover types. There is a precipitation gradient from the
drier north west (mean annual precipitation of 500 mm) and more
humid south-east (MAP 1,400 mm). Spatial difference in water
availability results in three main dry forest types distinguished
by their phenology (deciduous, semi-deciduous, semi-evergreen)
distributed along the dry to wet gradient. Deciduous and semi-
deciduous forests are found in the drier northwest. Semi-evergreen
forests extend through the south-east portion (Ellis et al., 2019).
The YP has a long history of forest use, shaping the landscape into
a mosaic of forests in different stages of secondary succession.

Yucatan’s forests are under severe anthropogenic pressure
(Ellis et al., 2017). Global Forest Watch reports that Yucatdn
state saw disturbance to 17% of its forest cover 2001-2021
(0.85% yr~!). In neighbouring Quintana Roo state 15% of its
forest cover was disturbed during the same period (0.75% yr—}).
Independent estimates of deforestation and degradation rates
across the YP suggest similar values, with a mean value of 0.9%,
varying among states from 0.5 to 1.3% (Ellis et al., 2020). Annual
rates of deforestation across YP vary spatially depending on land
cover, protected area status, and local management practices. The
interaction of varying rates of disturbance with biomass recovery
under potential climate change has not been investigated nor
compared to the extreme case where land use change prevents
forest recovery after disturbance. Under future land use pressures,
the lower limit of biomass loss would be associated with forest
clearance followed by immediate forest regrowth. The upper limit
of loss would occur under clearance and immediate land use change
to agriculture.

In this work we address the knowledge gaps identified above by
answering the following research questions (RQs):

RQ1 What are the
characteristic controls

climate and vegetation functional

on biomass accumulation rate
and steady-state woody biomass for two dry forest ecosystem
types in the Yucatdn Peninsula?

RQ2 How are steady-state biomass stocks likely to change under
future environmental conditions in the YP?

RQ3 What are the potential recovery rates and stocks of woody
biomass under different frequencies of forest clearance and
with immediate or no forest recovery .

RQ4 What is the relative importance of global factors (climate
and atmospheric effects) versus local factors (clearance rate
with and without recovery) on the mean biomass stocks of the

YP forests over the period 2021-21007?
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Flack-Prain et al. (2019) investigated the drivers of variation
in GPP across a moisture gradient in the tropical forests of
the Amazon basin and found that indirect effects of climate via
ecosystem functional characteristics accounted for 54% of variation
in GPP. Direct effects of climate accounted for only 16% of
observed variance. Assuming that biomass has similar sensitivity,
for RQ1 we hypothesise that biomass differences between sites
will be controlled primarily by functional trait differences and
secondarily by climate differences. Following Flack-Prain et al.
(2019), we hypothesise that phenological differences between
forest types will be the most important trait controls on biomass
through GPP.

For RQ2, we expect that the CO, fertilization effect will
balance climate-driven reductions at low CO, emissions scenarios
leading to no change in biomass, but for high CO, emissions
scenarios we expect climate-driven reductions will be larger than
CO;, fertilisation leading to net reductions in biomass. Following
the analyses of Wright et al. (2013) and Flack-Prain et al. (2019)
on GPP sensitivity, we hypothesise that biomass stocks will be
more sensitive to changes in climate in the more productive
(semi-evergreen) forests.

For RQ3 forest mean biomass will be strongly reduced in
landscapes where forest regrowth is prevented after clearance
compared to landscapes where regrowth is allowed. We hypothesise
the lower limit (minimum) of biomass reduction caused by forest
clearance and regrowth will be relatively greater in semi-evergreen
forests than semi-deciduous, related to the higher biomass in
undisturbed semi-evergreen forests.

For RQ4 we hypothesise that climate change will reduce wood
C stocks by 5-10% consistent with estimates from inventory data
shown for YP in Sullivan et al. (2020). We further hypothesise that
reductions in wood C stocks from expected forest disturbance rates
(c. 1% per annum) will be of similar magnitude given recovery of
biomass, but much larger given no recovery (land-use change). We
expect semi-evergreen forest biomass to be more sensitive to both
climate and land use than semi-deciduous.

To answer our research questions we produce a probabilistic
calibration of an intermediate complexity terrestrial carbon-cycle
model, DALEC (Williams et al., 2005; Bloom and Williams, 2015)
with multi-decadal chronosequence data on forest age and biomass,
multi-annual remote sensing estimates of leaf area index (LAI),
and environmental drivers for two YP dry forest ecosystem types.
We evaluate calibrated traits and biomass climate sensitivity to
understand and partition controls on steady state biomass from
functional characteristics and climate. We use model experiments
to determine climate and land use sensitivity of biomass. Our
approach has similarities to research undertaken in other biomes,
for instance in boreal European forests (Smallman et al., 2017;
Mikeli et al., 2020).

The rigour of this study arises from combining multiple
independent data sets (forest plot biomass chronosequences,
satellite LAI time series) to produce a probabilistic calibration
of a process-model for system diagnostics. The analyses for two
dominant forest types within YP allows exploration of the key
characteristics driving current environmental controls on biomass,
providing confidence for model forecasts under environmental
change across the YP. The model experiments use well founded
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global change scenarios for climate and CO,. The future of land
use and land use change (LULUC) in the YP could follow a
variety of trajectories. To span these trajectories we explore a
range of realistic forest clearance rates, and combine these with
scenarios that either allow forest regrowth immediately afterwards,
or prevent any regrowth (i.e. land use change). The actual impact
of future LULUC will be between these two extremes.

2. Methods

The approach used to address the research questions involves
using a process model of forest carbon dynamics with a record
of application across many forest types, DALEC (Bloom and
Williams, 2015; Smallman et al., 2021). The model is calibrated
and validated with local data, and then used to (i) diagnose the
C cycle of both forest types, and (ii) quantify biomass sensitivity
to external forcing. The model provides a full mass balance for
live and dead C pools, major biogenic fluxes and their climate
and CO; sensitivities. The model is intermediate in complexity,
with 25 calibrated parameters and seven initial conditions for state
variables. This level of complexity is optimal for robust forecasting
(Famiglietti et al., 2021) given available data for calibration. Model
calibration is achieved with a Bayesian approach that generates
posterior estimates of parameters with uncertainties. Parameter
uncertainties can be propagated through model experiments into
forecast uncertainties. Explicit treatment of uncertainty supports
interpretation of results and robust decision making.

2.1. Study landscapes

We selected two distinct forest landscapes in the YP with
chronosequence observations and which span the major YP climate
gradient. These forests typically support around 100 tree species
per hectare (Hernandez-Stefanoni et al., 2006; Gutiérrez-Granados
et al., 2011) more than half of which have commercial timber value.
The hotter and more arid landscape, at Kaxil Kiuic (KK, mean air
temperature 27.3°C, mean annual precipitation 1,080 mm yr~!),
is mostly a semi-deciduous forest ecotype, located in central YP.
The KK landscape is situated between 19.61° and 20.16° North
latitude and 89.27° and 89.84° West longitude. KK is situated in the
transition zone between the drier north-west and the wetter south-
east, and is dominated by mid-stature (8-12 m) semi-deciduous
forest, but with some presence of low deciduous forest and low
evergreen forest. There is some slash and burn agriculture in this
landscape, but a portion is protected and fire incidence is low. The
annual rate of forest cover loss during 1985-2010 was estimated at
0.85% yr—! (Dai et al., 2014).

The other landscape, Felipe Carrillo Puerto (FCP), is a cooler,
more humid semi-evergreen forest ecotype located in the south
eastern region of the YP (MAT 26.4°C, MAP 1301 mm yr—!). The
FCP landscape is situated between 19.98° and 19.53° North latitude
and between 88.02° and 88.60° West longitude (Figure 1). FCP is
dominated by mid-stature (15-30 m) semi-evergreen forest and
some low evergreen forest. The landscape has some low impact
selective logging and fire incidence is low.
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FIGURE 1

Location of study sites Kaxil Kiuic (KK) and Felipe Carrillo Puerto (FCP) land cover distiribution across the Yucatan Peninsula. The panel lower right

shows total annual precipitation (mm) in the Yucatan peninsula.

2.2. Ecological data for calibrating the
DALEC model

2.2.1. Woody biomass regrowth data

We obtained chronosequence (i.e. space for time substitution)
data for 276 semi-deciduous forest plots within KK (Hernandez-
Stefanoni et al., 2011) and 86 semi-evergreen forest plots within
FCP (Miranda-Plaza, 2014). Each plot covers 200 m? within which
DBH for trees and shrubs > 5 ¢cm in DBH (measured at 1.30
m) were recorded. Total woody biomass was determined from
allometric equations (Chave et al., 2005). Plot age was determined
from local interviews conducted by Herndandez-Stefanoni et al.
(2011) and Miranda-Plaza (2014). To provide a temporally
consistent time series of wood stock estimates and uncertainties we
fitted these data to a logistic curve for each region.

2.3. Climate scenarios and forcing data

2.3.1. Contemporary meteorology

Contemporary meteorological drivers for the two study regions
were drawn from the CRU-JRAv1.1 dataset, a 6-hourly 0.5x0.5°
reanalysis (Harris, 2019). Atmospheric CO;, concentration is
taken from the Mauna Loa global CO, concentration (www.
esrl.noaa.gov/gmd/ccgg/trends/, accessed: 22/08/2020). DALEC is
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driven by monthly average information on air temperature, short-
wave radiation, atmospheric CO, concentration, vapour pressure
deficit, and precipitation (Supplementary Figure 1). To calibrate
DALEC using the chronosequence information the contemporary
meteorology (2001-2017) was looped to create a time series
spanning 119 years. The growth of observed biomass stocks in
the chronosequence has necessarily been affected more by recent
climate as all plots were measured in 2009 and 2014.

A historical fire regime was imposed on the analyses, driven
by MODIS derived burned area products (Giglio et al., 2010)
which have monthly and 500 m resolution. Landscape data for KK
and FCP for the observational period, 2001-2017, were extracted.
Similar to the meteorological drivers these data were looped to
create the 119 year time series for the chronosequence simulations.

2.3.2. Future meteorology

To project modeling to 2100, future climate drivers were
extracted from the UK Earth System Model (UKESM,; Sellar et al.,
2019) (Supplementary Figure 1). This study focuses on scenarios
spanning a mean global warming of 1.7-5°C (O'Neill et al,
2016) (Supplementary Table 1). A total of six SSPs are simulated
to describe the range of ecosystem response to climate change
and elevated CO, concentrations. Future climate is imposed by
applying the mean anomaly during the overlap period between
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the CRU-JRA v1.1 and the UKESM simulated climate. Historical
burned area data was used as a driver into all forecasts, hence there
were no changes in fire incidence.

2.3.3. Soil carbon

The SoilGrids database provided information on soil carbon
stocks and texture (sand / clay fractions) (Hengl et al., 2017).
The SoilGrids dataset is temporally undefined, and so is assumed
to be nominally valid for the contemporary period. The soil
carbon estimate provides an observational constraint on the initial
soil carbon stock, i.e. January 2001. We estimated soil C stock
uncertainty using the standard deviation of the spatial aggregation
to 1 x 1 km (KK = 14%, FCP = 21%). We assumed no limit on
rooting depth for any soils.

2.3.4. Leaf area index

Time series information on leaf area index (LAI) magnitude
and uncertainty was extracted from the 1x1 km, 8-day Earth
(EO) product
Information (2020). We applied the maximum uncertainty

Observation from the Copernicus Service
value reported from the raw data used in the aggregation of
each time step. The LAI observations constrained DALEC
model dynamics during the observational period 2001-2017
only, to preserve coupled dynamics between LAI variations and
meteorology. Based on plot location data, LAI was derived as
the mean of observations across the spatial domains covered by
mature rather than regrowing forests. We assessed the extracted
LAI and determined there were no strong positive trends which

could suggest an expanding rather than steady state canopy.

2.4. Calibration and validation of forest
(re)growth

2.4.1. DALEC

We use one of the suite of related intermediate complexity
terrestrial ecosystem models, DALEC (Data Assimilation Linked
Ecosystem Carbon model) (Bloom and Williams, 2015; Smallman
et al, 2021). The specific version has been described as M3 in
Smallman et al. (2021) and C7 in Famiglietti et al. (2021). This
version of DALEC represents the states and fluxes of carbon and
water in the ecosystem and their exchanges with the atmosphere.
Carbon uptake, via photosynthesis, is allocated to autotrophic
respiration (R,) and plant tissues based on calibrated fixed
fractions. DALEC simulates four C pools in live biomass; labile
(supports foliage flushing), foliage, wood, and fine roots. Turnover
of biomass feeds into two dead organic matter pools (DOM).
Each carbon stock and flux within the DALEC model is controlled
by one or more parameters which are estimated probabilistically
(Supplementary Table 2).

Foliar dynamics are controlled by a day-of-year model
determining the timing for both the allocation of labile C to foliage
and senescence of the foliar pool (Bloom and Williams, 2015). Plant
photosynthesis and ecosystem water cycling in DALEC is simulated
by the ACM-GPP-ET sub-model (Smallman and Williams, 2019).
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Photosynthesis is simulated as a function of leaf area index,
meteorology, and soil available water supply. Soil available water
supply is determined as a function of root surface area of water
uptake (from fine root biomass), rooting depth (linked to woody
biomass), and soil moisture content within the rooting zone.
The soil water pool dynamics are a function of precipitation,
interception and evaporation by the canopy, surface runoff,
evaporation, drainage and transpiration by vegetation.

2.4.2. CARDAMOM calibration and validation

We use the CARbon DAta MOdel fraMework (CARDAMOM,;
Bloom et al., 2016) to retrieve ensembles of DALEC parameters
independently for each ecotype. CARDAMOM uses a Bayesian
approach within an Adaptive Proposal-Markov Chain Monte Carlo
(AP-MCMC; Haario et al., 2001; Roberts and Rosenthal, 2009) to
estimate the likelihood of proposed parameter sets by determining
the model-observation error weighted by their uncertainties.
The AP-MCMC retrieves ensembles of parameters separately for
both forest types that are consistent with their observations,
meteorology, and model structure. The approach used here is
more fully described in Smallman et al. (2017). We use ecological
and dynamical constraints (EDCs, Bloom and Williams, 2015) to
prevent the acceptance of parameters that result in ecologically
unrealistic C dynamics (exponential changes in the absence of
disturbance) or trait combinations (e.g., root lifespans > wood
lifespan). We adjusted EDCs to allow for rapid regrowth relative
to the initial value by loosening the exponential change restrictions
(Equation $4 in Bloom et al., 2016) with the following condition
which must be met

Sinput— Sinput—
llog(—PUML | _ |1gg( P ) < 0.2 (1)

Sautput—yrl Soutput—yrZ

where Siupur—yr1 is the C input to a given pool in the first
year, Soutput—yrx is the C output from a given pool in year x. This
test allows a sustained rapid growth but not a rapid growth in
the first year followed by an immediate or rapid change to steady
state in the second year. The final 17 years of the calibration
period nominally correspond to 2001-2017 and include many
LAI estimates to calibrate the LAI dynamics in mature forest
(Supplementary Figure 2).

A validation process involved several tests including (i)
the robustness of the calibrated model estimates of biomass
accumulation and LAI dynamics for both forest types; (ii)
consistency in identifying the correct leaflife spans; (iii) consistency
of calibrations with independent data on leaf traits and litter stocks.

2.5. Analysis of historical forest states and
processes (RQ1)

Calibration for the two forest types generated posterior
distributions for model parameters. These parameters are linked
to ecological traits and processes. The difference between the
parameter priors and posteriors indicates the degree of constraint
provided by the observational data on the process related to that
parameter. We determine the ratio between the 95% confidence
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interval (CI) for the posterior distribution and the parameter
prior range. Subtracting this ratio (fraction) from 1 determines
the fractional reduction in the parameter prior generated by
data assimilation.

A paired comparison between the two ecosystem types of each
posterior parameter distribution was undertaken based on the
degree of overlap, using R v3.6.3 and the “overlapping” library
(Pastore, 2018). Of the trait overlaps examined, we pick out as
a threshold those where overlaps < 0.5 and so are indicative of
significant probabilistic differences between traits.

Model simulations, using calibrated parameters and historical
climate, provide steady state C cycle estimates for both forest
types. Flux and stock estimates are generated as distributions,
and summarised by median estimates and 95% CI. A significant
difference criteria for comparisons between forest ecotypes was
based on whether the median flux and stock estimates for either
type were within the 95% CI of the other. Full C cycle estimates are
generated with uncertainties for both forest types.

Steady state C stocks determined using data for forest x and
local climate drivers are noted as Cy. To address RQ1, the parameter
calibrations and ecosystem states for a forest type x were then
forced using the meteorological data from the alternate type y to
a new climate steady state C stock Eﬁ. Thus, the semi-deciduous
forest calibration was forced with historical FCP climate to a new
steady state wood C stock Egecjduous. The shift in steady state wood
biomass under each climate swap experiment was then quantified.
To aid the understanding and ranking of GPP sensitivity to key
traits and their related processes, we determine the parameter
specific correlation with GPP (oGPP, Supplementary Table 2).

2.6. Climate and CO; change experiments
(RQ2)

The DALEC model with both ecotype calibrations was
forced with varied climate and CO, projections from UKESM
SSPs (Supplementary Figure 1). These experiments investigate the
climate sensitivity of future C dynamics and biomass stocks. To
understand the independent effects of global change on the wood C
stocks of both ecotypes (RQ2), experiments estimated the effect of
climate change and the increase in atmospheric CO, concentration
separately and then combined.

2.7. Disturbance and recovery experiments
(RQ3)

We undertook simulations to determine the accumulation rates
of biomass during recovery after disturbance, and the effect of
varied frequencies of clearance only, and clearance and forest
recovery, on mean landscape wood biomass under contemporary
climate (RQ3). We generated an ensemble of outputs relating mean
biomass 2021-2100 to forest clearances with frequencies spanning
0.15-1.25% per annum, with or without recovery. Generating a
large ensemble ensured that varied clearance dates during the 80
year period were included. A clearance resulted in 90% biomass
removal imposed on a steady state simulation. An 80-member
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ensemble was produced by generating model outputs with a single
clearance in each of 80 years between 2021 and 2100. The mean
biomass of all 80 ensembles provided an estimated mean wood
stock for a landscape with random 1.25% per annum cutting
frequency. The more infrequent forest % clearance scenarios were
then constructed by resampling the 80-member ensemble into
a new set of forest landscapes with the appropriate fraction of
members undergoing a single cut over the 2021-2100 period. For
instance the 0.625% cutting frequency outcome was generated from
combining the 80-member ensemble with an 80-member ensemble
of the (same) steady state simulation. The process was repeated with
and without forest regrowth to span the upper and lower limits of
likely impacts.

2.8. Comparison of climate vs. disturbance
factors (RQ4)

To address RQ4, we compare the results from climate and
climate+CO2 experiments (RQ2, global factor assessment) against
results from land use and land use change experiments (RQ3,
local factor assessment). For a quantitative comparison, we directly
evaluate woody biomass steady state values 2021-2100 simulated
under a broad range of climate/CO2 scenarios against those
simulated under a range of land use return intervals with and
without regrowth. We use analyses across the SSPs to identify and
separate the impact of temperature, precipitation and CO2 changes.
We use analyses of forest clearances with frequencies spanning
0.15-1.25% per annum with and without regrowth to explore the
upper and lower limits to biomass loss related to land use and land
use change. The range of SSPs and land use scenarios ensures that
uncertainty in these drivers is explicitly included in addressing this
research question.

3. Results

3.1. Calibration and validation

The DALEC model calibrations for both forest types simulate
C accumulation rates and magnitudes of total wood C which
are consistent with estimates from the local chronosequence plot
inventory data (Figure 2). The simulated accumulation remains
within the age-biomass phase space defined by the chronosequence
data. However, the simulated peak rate of biomass accumulation
(i.e., slope of the age-biomass curve) is lower than that indicted
by the mean of the semi-evergreen forest data. The apparent
mean accumulation rate is too rapid for the model to explain
based on process constraints. The CARDAMOM calibration
process robustly reproduces the magnitudes and seasonal cycles
of the LAI earth observation time series over more 17 years
(Supplementary Figure 2). Over 2000-2017, at the semi-deciduous
forest both satellite observations and the model simulation of LAI
range between 1-6, while in semi-evergreen forest the range covered
by both is from 3 to 6. The analysis is also consistent with local
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Evaluation of the model calibration of total wood C stocks over time for semi-evergreen (left) and semi-deciduous (right) forests against in situ data.
Simulations were undertaken over 119 years, but with climate forcing from 2001 to 2017. The shaded red area indicates the 95% confidence interval
on the model calibration. Solid point indicate the field data for each plot in the chronosequence. The solid blue line is the logistic function derived
from the mean chronosequence data used to provide wood stock estimates to calibrate DALEC. The upper and lower estimates of the logistic curve
are shown in dashed blue.
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(blue). The dark green indicates overlap between ecotype distributions, quantified by the overlap statistic. Distributions includes carbon use efficiency
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observations of LAI seasonal amplitudes and minimum values at
the semi-deciduous forest (Nafarrate-Hecht et al., 2018).

Leaf C mass per area (LCA), an important leaf trait, is
retrieved within CARDAMOM. The
of LCA for semi-deciduous forests (Figure3) is consistent

retrieved distribution

with an independent estimate of specific leaf area (inversely
proportional to LCA) (Sanaphre-Villanueva et al, 2017).
The model estimate of median annual aboveground
foliar litter fall of 2.82 Mg C ha=! well matched the
independently determined values for this forest type measured
in trap data (2.46-3.09 Mg C ha~!) (Morfli-Mestre et al,
2020).

3.2. Analysis of historical forest states and
processes (RQ1)

3.2.1. Carbon cycling in semi-deciduous and
semi-evergreen forest

Both
near neutral, with varied levels of confidence at the 95%

steady-state  forest ecotypes have C balances

level (shown in parenthesis). The semi-evergreen forest is
estimated to be a marginally stronger net sink (NEE =
—56 (—171/ — 2) gC m™2 y_l), while the semi-deciduous
forest is closer to neutral and with a 95% confidence
sink boundary (NEE
= —6 (—42/5) gC m™2 y_l) (see C cycle summaries in

interval which crosses the source
Supplementary Figures 3, 4).

The biosphere-atmosphere fluxes are substantively larger
in the semi-evergreen forest in nearly all cases. Median gross
primary productivity (GPP) is 26% higher (2360 gC m~2
y~!) than in semi-deciduous forest (1,880 gC m~2 y~1). Net
primary production is 27% higher and significantly different
in the semi-evergreen forest (NPP median estimates for both
forests are not contained within the 95% CI of the other forest).
Median heterotrophic respiration is 22% greater in the semi-
evergreen forest, but not significantly different. Autotrophic
respiration in semi-evergreen forest is 24% higher, but not
significantly different. Fire has very small impacts on C
exchanges in both forests under historical incidences due to
low estimates of burned area recorded by MODIS across the
study landscapes.

The stocks and dynamics of the wood pool show clear
differences between the two forests. Absolute allocation of NPP to
wood is significantly larger (47%) for the semi-evergreen forest.
Allocation of NPP to foliage is 45% larger at the semi-deciduous
forest but not significantly different. Allocation to the labile C
pool is significantly larger (5-fold) the semi-deciduous forest. For
median C stocks and mortality only in the wood pool are significant
differences are found. The wood stock of the semi-evergreen forests
is nearly double that of the semi-deciduous forest. Wood mortality,
i.e. wood litter production, is 44% larger at the semi-evergreen
forest. During the first five years of regrowth after disturbance,
modeled biomass accumulation rates were 4.0 MgC ha=! y~! in
the semi-evergreen forest compared to 2.5 MgC ha=! y~! in the
semi-deciduous forest.
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TABLE 1 Simulated steady state wood C stock estimates (MgC ha=1)
generated with climate drivers from either KK (drier) or FCP (wetter), with
parameters (functional characteristics) for either semi-deciduous or
semi-evergreen forest ecotypes.

Climate
KK (drier)  FCP (wetter)
Parameters Semi-deciduous 90.9 % 125.4 %
Semi-evergreen 114.1 1934—2'% 174.2 %

The 2.5% and 97.5% quantiles are shown as fractions.

3.2.2. Trait estimates for semi-deciduous and
semi-evergreen forest

Posterior ranges on parameters show a mean 49% reduction in
magnitude from the priors for both forest types, but this varies for
individual parameters from 4 to 96% reductions. NPP allocation
and phenology traits are well constrained (Supplementary Table 2),
consistent with these traits’ close connections to assimilated data
(LAI biomass time series). Litter and soil organic matter dynamics
are less well constrained due to lack of direct observations on
these C pools. The model calibration identifies differences in traits
between the two forest types relating to allocation of NPP and
turnover of C stocks (Figure 3). The semi-evergreen forest has
significantly lower proportional NPP allocation to foliage (overlap
= 0.13) and higher to wood (overlap = 0.36) and higher foliar
residence time (overlap = 0.12) consistent with the expected
differences in phenology between forest types (Figure 3). Wood
residence time are significantly longer (overlap = 0.35), by 20%
for the semi-evergreen forest (medians of 20 years compared to 16
years for semi-deciduous).

Sensitivity tests show that GPP is related most strongly
(and positively) to the photosynthetic canopy efficiency (Ceff),
maximum root depth, leaf mass per area (LCA) and leaf lifespan in
that order (Supplementary Table 2). However, overlap of posterior
distributions is high between ecotype Ceft trait posteriors (0.72)
suggesting that production differences are not linked to divergence
in this trait between forest types. Further there is limited
constraint identified on this parameter (Supplementary Table 2).
The calibration suggests significantly deeper rooting depths at
the drier semi-deciduous forest (overlap 0.31). Estimated rooting
depth in the semi-evergreen forest is < 1m, while rooting depth
can exceed 5 m in the semi-deciduous forest. Deeper rooting
depths might be expected where lower rainfall increases the
chance of soil moisture stress. Deeper rooting provides access
to a larger pool of soil available moisture and therefore can
sustain production in the dry season. The LCA is not significantly
different between forest types (overlap 0.74) but leaf lifespans are
(overlap 0.12) and this trait controls phenological expression of
LAI (Supplementary Figure 2). We conclude that of the rooting
depth and leaf lifespan differences between forests are the key traits
controlling variation in production.

3.2.3. Sensitivity of steady state wood biomass to
climate differences between forest ecotypes

The experimental exchange of climate forcing between forest
ecotypes resulted in a convergence in biomass at steady states
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(Table 1). With nominal climates, wood C stock in the semi-
deciduous forest (Ceciduous) is 48% of that in the semi-evergreen
forest (Eevergmn). Using the model to combine the more humid
and cooler FCP climate with the semi-deciduous forest parameters
increased biomass (E’Sfjduous) by 38%. Applying the hotter and
drier climate of KK to the semi-evergreen forest traits reduced
steady state biomass (C’gj,g,em
between forests types reduces the difference in steady state biomass
by 41% for KK and 72% for FCP. Thus both forest types are

highly sensitive to climate change, but semi-evergreen steady

) by 34%. Swapping climate forcing

biomass is more sensitive than semi-deciduous. On average, climate
differences explain 57% of the wood C stock difference between
forest types.

3.3. Effect of climate vs CO5 increase on
wood stocks in undisturbed forests, RQ2

Climate change scenarios alone (i.e., without CO, changes)
reduced modeled steady-state C stocks 2021-2100 (Figure 4). Mean
biomass reduction for both forest types 2021-2100 was greater
under more intense climate change, increasing from 11 to 14%
in SSP1-2.6 to 22-28% in SSP3-7.0 (Supplementary Figure 5). This
simulated decline in wood stocks is due to reduced production.
Across all six SSPs, the climate impact on mean biomass 2021-2100
was similar for both ecotypes, but slightly larger for semi-deciduous
(19%) than semi-evergreen (16%).

Across the climate-only scenarios, the sensitivity of mean
biomass 2021-2100 to declines in precipitation and rises in
temperature and VPD were linear and of similar magnitude
(Figure 5). The future changes in solar radiation were small and had
insignificant effects on biomass. Rising CO, concentration alone
increased modeled wood C stocks in both forest types (Figure 5,
Supplementary Figure 5). The degree of increase was linked directly
to the magnitude of CO; increase, with a 12-14% increase by 2100
in SSP1-2.6 rising to 35-51% in SSP3-7.0.

In full environmental (climate+CO;) scenarios median steady-
state C stocks were maintained to 2100 in the semi-deciduous
forest and declined slightly (by 6-11%) in the semi-evergreen
forest. There is no clear trend in net response across the gradient
of change in the varied SSPs (Figure 4, Supplementary Figure 5).
The fertilization of production by CO; broadly compensated for
the decreased production arising from changing climate, although
for semi-evergreen forests the median effect of climate stress
outweighed the CO; fertilisation effect. However, for neither forest
type are net impacts significant at the 95% CIL.

3.4. Effect of disturbance, and disturbance
and recovery, on median wood stocks, RQ3

Under contemporary climate, increasing frequencies of forest
cutting result in a linear decline in mean forest biomass stocks
over the period 2021-2100 for both dry forest types (Figure 5).
Scenarios without forest recovery (i.e. including land use change)
had markedly larger declines in mean wood biomass, three-fold
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greater in the semi-evergreen forest, and four-fold greater in semi-
deciduous forests at clearance rates > 0.5% per year. The relative
declines without recovery were equivalent for both forest types
(e.g., 50% reduction in biomass at the highest loss rate of 1.25%)
as carbon stocks were driven entirely by exogeneous processes.
But if regrowth was included, then biological processes resulted
in a larger relative reduction in biomass for the semi-evergreen
forest. The relative difference was non-linear, and varied from 28%
greater loss at the highest annual clearance rates (1.25%) to 49%
greater loss at clearance rates of 0.625%. More detailed analyses
show that in response to a single deforestation event (90% removal)
both forest types recover to a steady state consistent with their
undisturbed simulations under the same environmental forcing
(Supplementary Figure 6).

3.5. Effect of disturbance and climate
change on median wood stocks, RQ4

The individual impacts of varied climate changes (temperature,
precipitation), altered [CO-], and disturbance frequencies that span
the recent record with and without regrowth, are calculated for
both forest types to determine their relative importance for wood
biomass stocks across the YP over the rest of this century (2021-
2100) (Figure 5). All changes in conditions and land use and land
use change result in biomass losses, apart from fertilisation linked
to rising [CO;]. Changes in precipitation and temperature are
challenging to evaluate individually, but analysis across the SSPs
suggests the expected changes in both will have similar magnitudes
of effect in reducing wood C stocks (Figure 5). Forest cutting and
regrowth scenarios (up to 1.3% yrfl) lead to reductions in biomass
from the steady state which are similar in magnitudes to the climate
effects for both forest types. Land use change effects, without forest
regrowth, result in the largest overall losses of biomass for the
region. Annual clearance rates > 0.625% will result in > 25% loss
in mean biomass 2021-2100, exceeding the mean impact of the
climate change scenarios.

4. Discussion

4.1. Controls on tropical dry forest
aboveground biomass at steady state (RQ1)

The undisturbed semi-deciduous and semi-evergreen forests of
the Yucatdn peninsula are approximately carbon neutral. However,
there are major differences in vegetation C cycling and stocks
between forest types (Supplementary Figures 3, 4). Semi-evergreen
forest is more productive (26% greater GPP) and has larger biomass
stocks (91% greater). The difference in steady state wood C stock
between the two dry forest types was explained primarily by climate
(40-70%) with the remainder (30-60%) associated with functional
trait variation between the forests (Figure 2). The hypothesis
(RQ1) that climate differences would be a small driver of biomass
difference is rejected. Flack-Prain et al. (2019) found that climate
difference explained only 16% of GPP differences across an Amazon
moisture gradient, a much lower fraction than found here for
steady state biomass. The difference probably arises because steady
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Top row, projection of wood stocks under SSP3-7.0 Wm~! partitioning the separate effects of climate change and elevated atmospheric CO;
concentrations and the combined impact. Bottom row, projections of wood stocks under three SSPs. Solid lines indicate medians and shaded areas
indicate the 2.5% and 97.5% quantiles defining the 95% confidence interval. The small sub-panels indicate the stock distributions for 2095-2100.

state biomass is the outcome of decades of cumulative GPP. This
long-term outcome amplifies the importance of climate effects for
biomass and will be linked to the much larger difference in biomass
than GPP between forest types.

For functional characteristics, the analysis indicated that higher
rates of woody biomass accumulation in semi-evergreen forests
were related to (i) longer leaf lifespans, leading to greater mean
LAI and higher annual GPP (as hypothesised), and (ii) greater
relative allocation of NPP to wood (Figure 3). These results are
consistent with theories that plant traits adjust to maximise canopy
carbon export over lifespan of leaves (VcMurtrie and Dewar, 2011).
The higher biomass steady state was linked to both the higher
accumulation rates and also to the 20% longer residence times of
wood.

Differences in C stocks and cycling between the two
ecotypes were strongly explained (57%) by direct climate effects,
but the climate effect was strongest in the more productive
semi-evergreen forests (Table 1). We infer that the greater
climate sensitivity for semi-evergreen forests is linked to the
sensitivity of GPP to maximum rooting depth in the model
(Supplementary Table 2). There are significant difference in this
parameter between ecotypes, with shallower rooting for semi-
evergreen forests (Ligure 3) making this forest less resilient to
climate stress on water supply and demand. Functional variation
is also important in explaining the large divergence in wood
biomass between ecotypes (42%). This result suggests functional
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adjustment amplifies climate sensitivity; more productive (low-
risk) climates lead to increased expression of high-reward
behaviors (such as retention of leaves in the dry season, reduced
investment in roots), and vice versa. This conclusion is dependent
on analyses from the two research areas (KK, FCP), and
needs broader testing, particularly into the deciduous forests of
the YP.

4.2. Sensitivity of steady state aboveground
biomass to environmental change (RQ2)

The responses of semi-deciduous and
forest to changes of climate and CO, were similar. For both
ecotypes there were no clear differences in net response between

multiple environmental scenarios (SSPs), with similar biomass

semi-evergreen

trajectories resulting (Supplementary Figure 5). Expected rises in
atmospheric CO;, alone increased biomass (Figure 4). Scenarios
of climate change alone reduced biomass stocks in forests,
slightly more so proportionally in the semi-deciduous forest.
There was no evidence that higher CO, emissions combined
with climate change led to different outcomes for biomass.
Climate change effects arose through direct reductions in
through higher temperatures
>30°C) and higher VPD

photosynthetic  carboxylation

exceeding optimum values (i.e.
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FIGURE 5

Projected impact by varied factors on mean wood C stocks (2021-2100) for two forest ecotypes assessed against current stocks (black lines). Top
row: effect of forest clearance rate under contemporary climate, with regrowth (solid gray line) and without (dashed line). 95% Cl indicated by error
bars. Lower three rows: Environmental change impact assessed using each of 6 SSPs in the absence of disturbance. The impacts of temperature,
precipitation and CO, enhancement are partitioned across rows. The impact is shown in coloured points (median) and error bars (95% CI) where each
colour represents a SSP outcome. A grey line has been added between points to aid identification of trends across intensity. In the temperature and
precipitation plots, the isolated climate-only impact is shown using the same colour scheme but using dashed lines. In the CO; plots the CO,-only
impact is shown using the same colour scheme but using dashed lines. In all cases the error bars have been “jittered” to reduce overlap, for clarity.
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causing stomatal closure. There were also indirect effects of
climate through reduced water availability, caused by reduced
precipitation and high evapotranspiration, leading to stomatal
closure and productivity reductions (Figure 5). Our results were
consistent with climate sensitivity studies from secondary forests
in latin America which indicated vulnerability to drought through
growth rate reductions (de Meira Junior et al., 2020; Elias et al,
2020).

The greater future climate sensitivity for semi-deciduous forests
did not match our hypothesis for RQ2, and diverged from the
conclusions from RQ1 for current climate sensitivity. We conclude
that future climate extremes, higher in the semi-deciduous forests
(Supplementary Figure 1), were more damaging and exceeded
modeled physiological thresholds more in this ecotype.

Forecasts are dependent on robust simulation of climate and
CO; responses. The sensitivity to CO; is simulated based on
responses incorporated in the theory of Farquhar (Farquhar and
von Caemmerer, 1982). Down-regulating effects such as developing
nutrient limitation (e.g., Thomas et al., 2013) are not simulated in
DALEC. Enhancement in mortality in biomass C linked to climate
change, particularly weather extremes and increased fire risk, is not
modeled within DALEC. The forecast experiments did not specify
any functional trait changes (Fisher et al., 2018). But our results
suggest that the direct effects of climate change in reducing biomass
stocks would be amplified by as much as 70% through indirect
effects from trait adjustments (Table 1). Shifts to deciduousness and
increased allocation to roots, to reduce risk from extreme climate
to production, and declines in wood residence time, would lead
to these further reductions in woody biomass. Our results here
are consistent with broader analyses showing an acceleration of
C turnover rates globally has been linked to land use change and
climate change (Wu et al., 2020).

4.3. Response of forest biomass to varying
disturbance frequencies (RQ3)

There was linear decline of mean biomass stocks 2021-2100
with increasing disturbance rates for both recovery and land use
change scenarios (Figure 5). At typical disturbance frequencies,
the effect on mean biomass stocks of land use change was three
to four-fold greater than under regrowth scenarios. Supporting
our hypothesis, the more productive, high biomass semi-evergreen
forest had the larger relative decline in biomass compared to the
semi-deciduous in the regrowth scenario. This difference is linked
to the modeled rate of forest regrowth and maximum biomass of
each ecotype. Our calibration of semi-evergreen forest regrowth
was at the lower end of observations (Figure 2). This modeled
difference between ecotypes may therefore be related to model bias
for semi-evergreen forests. However, the growth rate indicated by
the median fit to chronosequence data is difficult to reconcile with
theoretical NPP limits in the model. Alternate versions of DALEC
including density-dependent feedbacks on woody turnover were
calibrated and evaluated for a better fit. However, there was no
improvement and we therefore retained the simplest model version
for this study, noting that recovery rate is expected to lie within the
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modeled 95% confidence intervals given in the calibration. While
there is evidence that depletion of soil nutrients linked to land use
may restrict regrowth rates in the YP (Eaton and Lawrence, 2009),
such effects were not modeled here.

4.4. The relative importance of global and
local change drivers on the stocks of
biomass in Yucatan forests (RQ4)

Multiple independent experiments evaluated the importance
to mean wood biomass across the YP of local factors, including
forest clearance rates and forest functional characteristics, and
global factors, including climate and CO; effects (Figure 5). Climate
has a significant role in determination of woody biomass, and
in explaining the gradients in forest biomass stocks. Climate acts
through direct effects of temperature and VPD on physiological C
fixation and indirectly through affecting soil moisture constraints
on production. Forecast increases in temperature and VPD, and
declines in precipitation (Supplementary Figure 1), will degrade the
capacity of Yucatdn forests to store C over the coming century
(Figure 5). Across the six scenarios explored, the reduction in mean
wood biomass stocks 2021-2100 ranged from 6.4 to 22.3% for semi-
evergreen forests (mean 16.0%) and 5.4-27.5% for semi-deciduous
forests (mean 18.2%). These levels match or exceed the estimates
of biomass reduction of 5-10% over YP estimated by Sullivan
et al. (2020) for a range of land surface models with a 2°C rise in
temperature.

Our analysis suggests that rising atmospheric CO, will
counteract climate effects, so that combined environmental change
impacts on wood biomass are small across all SSPs (Figure 4).
However, these results represent the high end of expectations.
Firstly, we provide evidence that functional characteristics shift
towards risk reduction under climate stress. Despite CO,
fertilisation, the rise in stress linked to temperature extremes and
water supply reductions is likely to stimulate composition change
and functional trait adjustment (e.g. more deciduous phenology)
that will reduce mean production and thus biomass stocks (Muller-
Landau et al,, 2021). Monitoring of phenological changes in dry
forests could provide data to test this hypothesis. Increases in
fire, currently at a low level, are likely in warmer conditions
and would increase wood mortality, and reduce biomass. Finally,
CO, fertilisation is modeled at its potential; other physiological
factors are likely to be limiting, including rates of nitrogen and
phosphorus cycling. CO, fertilisation experiments in tropical
forests will help to resolve this uncertainty. Our results here
would support more robust assessment of land surface models
used for regional and global assessment (Fernandez-Martinez
et al, 2019). Specifically, these results could evaluate for this
region (i) the climate and CO2 sensitivity of these models,
and (ii) their recovery from disturbance. Most land surface
models use plant functional type concepts to simplify their
regional parameterisation. Our results here emphasise important
functional differences within a single region. Ultimately land
surface models have to be adapted to reflect this diversity
in ecology.
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Forest clearance has direct effects on mean landscape biomass,
even with fast biomass recovery rates. Ongoing forest clearance
(with subsequent recovery) at historical rates of 0.9% yr~!
(Ellis et al., 2020) over the coming century generates substantive
reductions in mean biomass over the period 2021-2100 (Figure 5).
With annual cutting frequencies of 0.78-1.25%, comparable to
contemporary observations, reductions in steady biomass over
the period 2021-2100 are forecast to be 11.5-18.7% in the
semi-evergreen and 9.8-16.0% for the semi-deciduous forests.
Reductions in biomass will be three to four-fold larger without
forest regrowth. Historical records indicate that both forestry,
swidden agriculture and land use change is active in the YP, so
the likely future impact of land use and land use change will
be somewhere between the limits of the best-scenario rates of
forest clearance modeled with and without regrowth. We conclude
that declines in mean wood stocks over YP landscapes linked
to likely rates of forest clearance with subsequent regrowth are
of similar magnitude to declines independently associated with
climate change. Both climate impacts and land use impacts will
be larger than these lower bounds due to functional characteristic
changes in forests (70% amplification) and land use change
(300-400% amplification).

5. Conclusions

Future changes in climate and land use will put biomass C
storage of Yucatdn’s forests at risk. We have identified substantial
climate sensitivity of production in these ecosystems. Future
climate will lead to temperature optima being exceeded, and higher
VPD and reduced soil moisture causing stomatal closure. CO,
fertilisation may offset the negative effects of changing climate,
but modeling here assumes the most optimistic theoretical effects.
The detrimental effects of climate change on forest biomass in the
Yucatan increase with levels of rising CO,, because higher CO; is
linked to extremes of temperature and VPD. Adjustment of forest
traits to climate change, particularly shifts to deciduousness and
increased allocation to roots, is a likely response to climate change.
These shifts will reduce risks to production but also reduce overall
production. The result is that climate-change-driven trait changes
may magnify direct climate change reductions to production, and
therefore generate further reductions in biomass stocks. These
results should be used to test the sensitivity and inform the
development and calibration of land surface models for dry tropical
biomes. Broader testing of these conclusions across other dry
tropical forests can further evaluate the role of biodiversity and
vegetation composition in ecosystem climate sensitivity (Muller-
Landau et al, 2021). Forest clearance and regrowth linked to
patterns of historical land use generates reductions in mean
biomass C storage over 2021-2100. These changes are similar in
magnitude and within the ranges of expected effects of climate
change. Hence both these local and global drivers of change must be
taken into account in sustaining the biomass of the Yucatdn. Land
use change will magnify biomass losses three to four-fold if forests
cannot recover post-clearance. Maintaining C storage in Yucatan’s
forests therefore depends both on limiting levels of land use change,
and on meeting the objectives of the Paris Climate Agreement to
protect biomass against climate change risks.
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